
 
AFRL-RX-WP-TM-2010-4091 

 
 

COLLABORATIVE RESEARCH AND DEVELOPMENT 
(CR&D) 
Delivery Order 0056: Novel Nanotube Synthesis 
 
Myung Jong Kim 
 
Universal Technology Corporation 
 
 
 
 
 

FEBRUARY 2008 
Final Report 
 
 
 

 
 

Approved for public release; distribution unlimited. 
 

See additional restrictions described on inside pages  
 
 

STINFO COPY 
 
 
 
 
 
 
 
 
 
 

AIR FORCE RESEARCH LABORATORY 
MATERIALS AND MANUFACTURING DIRECTORATE 

WRIGHT-PATTERSON AIR FORCE BASE, OH 45433-7750 
AIR FORCE MATERIEL COMMAND 

UNITED STATES AIR FORCE 



NOTICE AND SIGNATURE PAGE 
 
 
 
Using Government drawings, specifications, or other data included in this document for any 
purpose other than Government procurement does not in any way obligate the U.S. 
Government. The fact that the Government formulated or supplied the drawings, 
specifications, or other data does not license the holder or any other person or corporation; or 
convey any rights or permission to manufacture, use, or sell any patented invention that  may 
relate to them.  
 
This report was cleared for public release by the USAF 88th Air Base Wing (88 ABW) Public 
Affairs Office (PAO) and is available to the general public, including foreign nationals. 
Copies may be obtained from the Defense Technical Information Center (DTIC) 
(http://www.dtic.mil). 
 
AFRL-RX-WP-TM-2010-4091 HAS BEEN REVIEWED AND IS APPROVED FOR 
PUBLICATION IN ACCORDANCE WITH THE ASSIGNED DISTRIBUTION STATEMENT. 
 
 
 
 
*//Signature//              //Signature// 
 
MARK N. GROFF KENNETH A. FEESER 
Project Engineer Chief 
Business Operations Branch Business Operations Branch 
 Integration and Operations Division Integration and Operations Division 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This report is published in the interest of scientific and technical information exchange, and its 
publication does not constitute the Government’s approval or disapproval of its ideas or 
findings.  
 
*Disseminated copies will show “//Signature//” stamped or typed above the signature blocks.  



i 

REPORT DOCUMENTATION PAGE 
Form Approved 

OMB No. 0704-0188 

The public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining 
the data needed, and completing and reviewing the collection of information.  Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for 
reducing this burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 
22202-4302.  Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a 
currently valid OMB control number.  PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS. 

1.  REPORT DATE  (DD-MM-YY) 2.  REPORT TYPE 3.  DATES COVERED (From - To) 

February 2008 Final 31 July 2006 – 01 February 2008 
4.  TITLE AND SUBTITLE 

COLLABORATIVE RESEARCH AND DEVELOPMENT (CR&D) 
Delivery Order 0056: Novel Nanotube Synthesis 

5a.  CONTRACT NUMBER 

F33615-03-D-5801-0051 
5b.  GRANT NUMBER  

5c.  PROGRAM ELEMENT NUMBER 

62102F 
6.  AUTHOR(S) 

Myung Jong Kim 
5d.  PROJECT NUMBER 

4349 
5e.  TASK NUMBER 

L0 
5f.  WORK UNIT NUMBER 

  4349L0VT 
7.  PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8.  PERFORMING ORGANIZATION  

Universal Technology Corporation 
1270 North Fairfield Road 
Dayton, OH 45432-2600 

    REPORT NUMBER

       S-531-056 

9.   SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10.  SPONSORING/MONITORING  

Air Force Research Laboratory 
Materials and Manufacturing Directorate 
Wright-Patterson Air Force Base, OH 45433-7750 
Air Force Materiel Command 
United States Air Force 

AGENCY ACRONYM(S) 

AFRL/RXOB 
11.  SPONSORING/MONITORING  
       AGENCY REPORT NUMBER(S) 

AFRL-RX-WP-TM-2010-4091 

12.  DISTRIBUTION/AVAILABILITY STATEMENT 

Approved for public release; distribution unlimited. 

13.  SUPPLEMENTARY NOTES 

PAO Case Number: 88ABW 2009-0038; Clearance Date: 01 Feb 2009. Report contains color. 

14.  ABSTRACT 

This research in support of the Air Force Research Laboratory Materials and Manufacturing Directorate was conducted at 
the University of Pennsylvania in Philadelphia, PA from 31 July 2006 through 1 February 2008.  This task worked to 
develop synthesis routes for nanotubes that are not pure carbon, e.g., boron nitride, boron-carbon nitride.  Carbon 
nanotubes can be synthesized with relative ease in laboratory and commercial settings via simple catalytic chemical vapor 
deposition (CCVD) techniques; therefore, widespread access has allowed for intense study and application.  BN nanotubes 
have proven more difficult to synthesize reliably or on scales that permit complimentary investigation and, consequently, 
less is known about these materials.  BNNTs have been synthesized in a similar manner to carbon nanotubes such as arc 
discharge, laser ablation, ball milling, substitution reaction from carbon nanotubes, and chemical vapor deposition, but 
standard CCVD methods which enable high quality and large scale synthesis of CNT have not been properly adopted for 
the BNNT synthesis.  Herein, we developed catalytic methods and report the achievement on the growth of BN nanotubes 
via catalytic pyrolysis and CVD route. 

15.  SUBJECT TERMS 

Carbon nanotube growth via catalytic pyrolysis 

16.  SECURITY CLASSIFICATION OF: 17. LIMITATION  
OF ABSTRACT:

SAR 

18.  NUMBER 
OF PAGES 

    12 

19a.  NAME OF RESPONSIBLE PERSON (Monitor) 

a.  REPORT 
Unclassified 

b. ABSTRACT 
Unclassified 

c. THIS PAGE 
Unclassified 

          Mark N. Groff 
19b.  TELEPHONE NUMBER (Include Area Code) 

N/A 
 
 

Standard Form 298 (Rev. 8-98)   
Prescribed by ANSI Std. Z39-18 

 



1 

1.0 INTRODUCTION 

Carbon nanotubes (CNTs) have been the focus of nanoscale research due to remarkable 

electronic, mechanical and optical properties, but their applications are limited by the fact that 

semiconducting nanotubes are mixed with metallic nanotubes in as-grown samples.  Boron 

nitride nanotubes (BNNTs) are structural analog of carbon nanotubes such that alternating boron 

and nitrogen atoms replace carbon atoms in a hexagonal lattice structure.  This elemental change 

gives significant advantages over carbon nanotubes such as uniform band gap (~ 5 eV) 

insensitive to their diameters and chiralities, band gap tunability by the giant stark effect, and 

high temperature oxidation resistance up to 800 oC.  These properties make BNNTs attractive for 

nanoscale application such as nanoelectronics, optoelectronics, and nanocomposite. 

Carbon nanotubes can be synthesized with relative ease in laboratory and commercial settings 

via simple catalytic chemical vapor deposition (CCVD) techniques; therefore, widespread access 

has allowed for intense study and application.  BN nanotubes have proven more difficult to 

synthesize reliably or on scales that permit complimentary investigation and, consequently, less 

is known about these materials.  BNNTs have been synthesized in a similar manner to carbon 

nanotubes such as arc discharge, laser ablation, ball milling, substitution reaction from carbon 

nanotubes, and chemical vapor deposition, but standard CCVD methods which enable high 

quality and large scale synthesis of CNT have not been properly adopted for the BNNT 

synthesis.  Herein, we developed catalytic methods and report the achievement on the growth of 

BN nanotubes via catalytic pyrolysis and CVD route.  
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2.0 ACHIEVEMENT 

2.1 Catalytic pyrolysis for BN nanotube synthesis  

Pyrolysis of polyborazylene with assistance of transition metal nanoparticle catalyst at 

1100-1200 oC was initiated by Pender et al.  This method has been pursued for a while, but we 

found that this method produced short multi-walled nanotubes, bamboo like structures, and stack 

of caps structures (Figure 1).  As illustrated in Figure 1b, iron oxide nanoparticle appears to be a 

right catalyst showing shape matching between edge of a nanotube and a nanoparticle.  

Prevention of catalyst aggregation is critical to produce perfect shaped BN nanotubes, but it has 

not been completely achieved yet. 

 

Figure 1.  (a) SEM and (b), (c) TEM images (d) EELS data from the BN nanotubes 

produced by pyrolysis of polyborazylene.  (Kim et al. – unpublished results). 

 

2.2 Precursor synthesis 

One of the limiting factors in BN nanotube synthesis is a lack of suitable precursor for 

catalytic CVD.  In this regard, borazine, a BN analog of benzene could be a perfect binary 

precursor for BN nanotube synthesis.  Borazine was synthesized according to the previous report 

from Sneddon et al.  An intimate mixture of 30.7 g (0.81 moles) of NaBH4 (Aldrich) and 82.3g 
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(0.62 moles) of NH4SO4 (Aldrich) was prepared.  The mixture was added, under a nitrogen flow 

to 350ml of tetraglyme in a 2L three-neck round bottomed flask fitted with a thermometer and a 

reflux condenser.  The exit of the condenser was connected to a standard vacuum line with a 

mechanical pump through four liquid nitrogen traps.  Hydrogen evolution begins immediately 

and is released through an oil bubbler.  Once the foaming subsides, the mixture is heated to 70 oC 

over 1 hour.  After that, the oil bubbler is closed and the borazine is pulled through four liquid 

nitrogen traps, for the next three hours, while gradually raising the temperature to 135 oC.  The 

borazine thus collected in the liquid nitrogen traps was further purified by a single vacuum 

fractionation using traps at -45 oC, -78 oC and -196 oC.  In the -78 oC trap 13.1g (0.16 moles, 

60% yield based on starting BH4
-) was condensed.  Since borazine is air sensitive, the purified 

borazine was stored in a freezer.  Other precursors such as vinyl borazine and 1-hexylborazine 

for BCN and BC2N nanotubes are being developed and attempted to be used for CCVD in 

Professor Sneddon’s group at Penn.   

 

2.3 Catalytic CVD for BN nanotube synthesis 

Synthesis of multi-walled and double-walled BN nanotubes has been achieved via 

catalytic chemical vapor deposition from the precursors.  Multi-walled BN nanotubes were 

synthesized from boron powder mixed with MgO and FeO over 1300 oC in a manner similar to 

Bando’s report but produced here in a general setup using a quartz tube furnace (Figure 2).  As 

illustrated in Figure 2, the grown tubes are high quality and pure multi-walled BN nanotubes. 
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Figure 2.  (a), (b) Low and (c) high resolution TEM images and (d) EELS data shows that 

multi-walled nanotubes were grown from a mixture of B, MgO, and FeO.  (Kim et al.-

unpublished results).   

Double-walled BN nanotubes were synthesized by CCVD method using a floating 

catalyst (nickelocene) for the first time (Figure 3).  Proper purification and handling of borazine 

enabled adjustment of the vapor pressure of borazine by changing temperature such that double-

walled BN nanotubes were dominantly formed at lower vapor pressure of borazine over 1000 oC.  

At higher vapor pressure of borazine, BN nanofibers were produced rather than nanotubes.  

Floating catalyst method with nickelocene is expected to produce BN nanotube materials 

continuously in a similar manner to HipCo or CoMoCat process for carbon nanotube synthesis. 
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Figure 3.  (a) SEM, (b) low and (c), (d) high resolution TEM images show double-walled 

BN nanotubes were grown by catalytic CVD method.  (Kim et al.-unpublished results). 
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3.0 CONCLUSION 

1. Pyrolysis route and catalytic chemical vapor deposition (CCVD) route for BN 

nanotube synthesis have been pursued. 

2. Pyrolysis of polyborazylene mixed with nanoparticles produced bamboo, stack of 

cap, and multi-wall BN nanotube structures. 

3. CVD growth of multi-walled BN nanotubes has been achieved from boron power in a 

manner similar to Bando’s group, but they were produced in a general setup using a 

quartz tube furnace, and this method has scale up possibility. 

4. Catalytic CVD method for the BN nanotube synthesis using floating catalyst, 

nickelocene was developed for the first time.  At lower vapor pressure of borazine, 

double-walled BN nanotubes were produced while BN nanofibers were produced at 

higher vapor pressure. 

5. TEM, SEM, and EELS was performed to characterize BN nanotube structures and 

chemical composition.   


